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INTRODUCTION

STATIC HIGH PRESSURE STUDY OF NITRIC OXIDE CHEMISTRY:

PROPOSED MECHANISM FCR NITRIC OXIDE DETONATION

Gasll I. Swancon, Stephen F, Agnew and N. Roy 3Srelner
Los Alamos National Laboratory
Los Alamos, New Mexizo

The chemistry of nltric oxide under static high pressure conditions
has been studied using diamond anvil cells and sapectrascoplc
methods. Pressurlzed samplea warmed raplidly to room temperature
undorgo facile dispioportionation to farm N.2, N,J,;, N,J, and
NO'NO 3. Nlitric oxide malntalned at 8@ X is obsorved to react at :a.
2.5 GPa to form, dominantly, N,, 9, and NO' NO The complax
chemistry of nitric oxide {s best axplained ln taims »f two
competing primary reaction mechanisms involving the dlroct farmation
nf N, and 0,, and dlsproportionation to form N.0 and NO' NO Tha
disporpor=idnation reactlon, which (s favorad lnder hlghor tempora-
ture conditions, releases two-thirds of the total enerqy -ontent,
and i3 bellaved to be Important In the early chemlstry accompanyinqg
shock=initiation 2f altric oxide. Laboratory scale detonatlinn
studies, whera the jaseous products are analyzaed spectroscopically,
show svidence far, domlnantly, disproportionation and a small amount
ol N,/D, production. This study ponints to the lmportance »f
condensad phass soncerted reactions as well as lons and lanl:
raaction machanisms {n the gshacx initiated datonatlon nf HE's.

to real =2xplosivas. The axparimental

The macroscaplc propertles of a
large variety of high axplosives have
neen studled extensively in the pasat,
Howevar, it ls still not poasihle tn
dascribe and verify the microscnple
phenomana leadinj to shock-initlated
Jetonation, Shock propajatinn .n
condensed-phase materialt {3 arpa:tal »»
induca the transfer and locall:atinon af
anerqy leadlng to chemlcal transforma-
tlons on an extremely shnrt time ucale.
Our Ilntent in thias work ls to clarify
those early ~hemical tranaformations
that are Important In the anerjy releasc
Accompanying shock-inl:iated (detanation
of nltric oxide. 1In lacqe measare, tche
prablam of developlng & mlcroscople
understanding af shock-lnikliatad datoga-
tion rasulen Ceam rhe (ALEE{:ulty (n
datacting transicat chamical Inter-
madistes within the shock [ront. Whila
thera has been conaiderable affort and
success ln deval . ning timv-rannlvad
optical probes ! chemical apacias
behind ahock fronts [1-41, thesa mathndsa
hava not yet been succassfully applled

difficulties are compnundad by tha
absence of Infarmation an what Ilator-
madiates are likely to be imparzan=t nl
the paucity of data on the hahavisr »f
such translents undor axtrame prodaur»
and homperature., We raport hera itar' -
high presaure studles which praviin
dlrect lnaijht into the aarly :hanmi:al
transformationg assoclated with
iatsinatian of nitric oxlie.

Nletric »xide, althangh 3tabla (p rhe
3as phase, 13 a high axplnsiva In rhe
condensad phase with an anthalpy 51 »f
1.72 keal/q relative o 2, and N. 1t
198 K. tt is one f the almpless Ynown
high explogives and ls, rherefrr>, n
attractive model axplnalve Eor datslla)
theocetlical and axparimental studion,
The malwcular Erem »f ¥) and the nxpe:r .-
2] datonation produets, N, and 0., r»
tractable to both ab Ilnltin alecsfrni -
structiure calculation and hydrodynami -
modelling. [n ocdar te study nlkrt -
dnlde datonation, a multidlaciplinary
qtudy entitled the Fundamental Reioay 4
an Explogivas (FRE) program hat Ywaq



established at Los Alamos National
Laboratory. Our part in thls program
has been to provide a data base to guide
theory, planning, and interpretation of
time-resolved spectroscopic studies of
shock-initiated detonation of NO by
means of static high pressure studies of
the various oxides of nitrogen. The
focus of thls -eport is the chemistry of
NO and its reaction products under high
pressure conditions.

Previous studies [5] on gas-phase
nltric oxide have shewn evidence for
slow disproportionation, which is third
order in [NO]. Other investigators
{7,8] have also noted probiems in
obtaining thermodynamic information on
pure NO at high pressure. We will show
that NO undergoes facile and complex
pressure=-induced chemistry at low
temperature, The disproportionation of
nitric oxide at 176 K and 1.5 GPa to
form N,0, N,0,, and N,0, has already
been repo.-ted {9). Tﬁo unusual bahavior
of pure N,0, at elevated pressu--~s,
Including” formation of NO'NO37, has also
been reported (1d]). This autolonization
of N,0, has been impllicated [1l1] in the
sotuflon chemistry of N.O, and observed
for the nitrite isomer In low tempera-
ture N,O, films as well [(12,13]. In
this wérk, we raport new observations of
pressure-induced chemistry of NO to form
N,, 9, , and NO*NO_ at 8¢ K as well as
léont fication of 'the products resulting
from laboratory scale samples of solid
NO shocked at 15 K.

EXPERIMENTAL

A, Hlah Pregsure Spectroscopic
Studles: err -Bassett dlamond-anvil
cells with alther hardened berylllium or
barylllum-copper backings and type IIla
1lamond3s were loa2ded with the ind{um-dam
tachnique previnusly described [9]). Two
different types of axperiments have been
performed. First, high-purity nicric
nxide was condensed into the diamond-
anvil cells at 115 K (which ls within
tha liqulid range »f N_,0,) pressurized to
form a clear solid, and then warmed to
room temperaturaea at high presrfurn. The
co'itents nf the cells werm then lnier-
rojated using vibrational (IR and Raman)
and Yv=visible absorption spectros-~
coples. In the secaond type nf axperli-
ment, the NO was loaded Into a cell
mounted to the cold Elngar »f an Alr
Products Displex crynstat aquipped with
~ tallpiece that allnwerd access te
adjust pressure. This permitted the
measurement of the pressure -dlependence
of the Raman featureas at 49 K.

HAaman spectra ware obtalned on a
SPEX Mndel 14417 double manochromator by

use of a back-scattering technique. The
resolution was 3 em~' and, typically,
ten or more spectra were Signal-averajed
using a Nicolet 118AE Raman data system.
Spectra~-Physics Model 171 Ar" and Kr-
fon lasers wers employed with incidert
power of 318 mW or less at the sample.
Infrared spectra were obtained with a
Nicolet 700@-series Fourier-cransform
spectrometer using a liquid nitragen
cooled mercury-cadmlum-tellurlie detec-
tor. Typlcally, 5308 scans with a

2 cm~! resolution were signal averaged.
Absorption of the iiamonds obscured the
IR spectra over :he approximate ranzes
1300-1358 and 1900-25@8 cm . ‘/lalble
absorption spectra were obtalned with a
Perkin Elmer 130 spectrometer 9quipped
vwith a beam condenser and the Model 2440
data station. Pressures were measured
by the ruby fluorescence methnd, 3sjum-
ing the R, llne shift to be 2.1322
GPa/cm~! . The known taemperatura shifc
of the R, ruby fluorescence wA3 used to
carract the R, line shift for :he liw
temperature studies.

B, Laboratory Scale Studics of
Shocked No: e experiment3 were
carrled nut in an evacuable fltring
chamber containing a detonatinjy devi:e
moutited behind a thin foll, Solid N)
was depoaited from a stream >f jisenus
NQ directed to the surface >»f =ha I»il,
which was maintained at 15 K by 1 Alr
Products Displex crynstat. The 12%o-
nating device consists 2f an olactrci-
cally energized davice that propsals 2
1.3 mm diameter X 2.4°% mm long :ylindar
Plece of plastic through 31 ruby barrel
at a velocity of 3sasvaral km/i1 1
slapper), which Impacts at a 5 ~n) nallat
2f pentaerithratnl tetranitrate ‘'DETN)
that ls glued tr the and nf th: rahy
barrel {Fiq. 1). Two ilaotspi: -»rap . ;i-
tions »f NO werae used to i{la-disi=inpiiah
N. originating from NO from 2l hnr e
PETN boostnr ar inadvertent ir .i<,
The entire assembly was housed in 1 hell
jar connected to two liquid ailwrigen
trapas in serias to captura the uxpe '+
products, tha first an empty :rnmon
stainless steel U-trap, and th: s -ind
packed with activatad 55X mnla2:aiar
sleva. The products N2, NO , N O |
N,0,, CO, (Erom PETN), "and unrercra| N0
afa found 1n the flrst trap nt ars
determined hy jas-phase IR .apectraphar )=
matry. The N, and <0 (from PEMN are
fouvnd in the Jecond :trap and neaiir v by
masfs spactrometry.

RESULTS
A. ltigh Pressure Studles: ™o
resulti obtalned from atudlad 1 a:re

oxlde at high pressgure In Alamal anuald
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Flg. 1 - Diagram of alapper and booster used Iln PETN-driven N0 reaztian.

cells which were warmed to room tempara-
ture have been dascribed elsawhere (9]
and will be summarized herea. 'Jpon
warming, the sample remains clear and
colorless until za. 174 K where the
reaction begins, The 3ample first turns
deep rad, then black, and finally
becnmes transparent, exhibiting aither a
straw-yellow fractured solid or 3 mixed
straw~ yellow or blue snlid,

Detalled IR, Raman and uUv-viaslble
spectroscoplc studles >f the cell zon-
tents have revealed the presencs »f
varying amounts of N,J, N,0,, N,0
molecular speacies as well as the {ons
NN*, NO* and NO~, The abnve species
show complex equllibria as a function of
pressure and temperaturn. At low pras-
sure {n the fluld phage (ca. 1.9 3Pa)
anly molacular apwclas are obiervaed
while the lons are more prevalent at
higher pressures In tha 4nlld phaaa,
Both molecular and lanlic speclas are
present in the orlginal s0lld samples
upsn warming to room tempacature. It ls
stressed that no N, or 0, =nuld be
nbserved in any of “the a2dmples whica had
been allaowed to react by warming to reom

temparature. Raman 3pactral mnilgsl: Hf
the cell contenta was made 11!-i il" Yy
the photulysis of N3, and ¥ °  anin
casultad in the farmation of jorqorr:
laomers of each apacles, a5 wo!l 1 'un
Sormation of NOY NOT and N.J by taval-
ysls of N2 . ° "

B. Presaure Dependence 1t L. # Tanp-
aratiirat NIitrlc axiJdae antrappel [4 1 °
dTamond=-anvil cell and mainkafnal -

BAd K was found to he stabl: 1. projiiran
below ca. 2.5 GPa. The zer> bir siura-
tional phonon features at 14.” 1|

53.2 cm~! are conslstent with thiin
previously reported f14] In arulleq f
solld N,0, condensad an a cnld sartve,
Tha Llnternal modes appsar 1t Yt,} =
(v , torslon), 185.2 em~}' (.., ‘1.4
stratch), 2A31.4 em~! (yv,, dymmerr; -
heand), and 1865.1 cm™' Qv., 4ymmnsri -
N-0 astratch). Survey scans thowe! n,
avidenca nf any othar faatured i1 ' ha
range S@-2454 cm !

The spectrum In Flg. 2 waxn ' cen
After a 2.4) 1Pa spectrum in Flj. *
lndicated that a deamatlc transtsraam
had taken place with the NO aample. M
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phonon region changed and the internal
modes for NO disappeared. We did
observe very weak features indicating
the presence of several particular
specles. They include NO* No, by 178.4
cm"(lnterlonic), 722.7 cm™! {,,, NOj
bend), 1263.7 cm” (v,, symmetric NO?
stretch), and 2246.7 ‘cm~! (NO sr.retéh) .
0, by the 1565.8 and 1572.9 cm” !
doublet, N3 by the 2339.3 cm~! N-N
stretch, N o by the 322, 9 em-1 (y
scissor) add’ 286.7, 348.4 am-! dofblet
(v N=-N strutch), and N, 0 by 589.1 cm
(u, bend). The Eaaturei at 2035.7 and
2206.9 zm~! could be due to an as yet
unknown complex of the NO* {on and the
band at 1A44.9 cm~! could be the as: ci-
ated -NO, symmetric stretch for suc! a
species.” The band at 583 cm~! rsmains
unexplained. The pressure increased
dramatlcally for this sample from 2.3 to

4.1 SPa after this transformation nccur-
red and the intensity of the N, and 0,
peaks indicate that a substantial amount
of these spacles had formed. 1t should
be noted that this is the first Indica-
tion of elther 0, or N, In the NO reac-
tion products for any cCell that we
nbserved that had been loaded by the
previous technijue, which always
involved a fairly rapid warming to room
remperature before any analysis took
place.

Following this transformation, the
optical quality of the cell did not
change noticeably as viewed through a
microscope, although the cell contents
had become pala yellow with lnereasing
pressura. Not untll the cell had been
warmed to 20@4 K and tihe pressure relewas-
ed to under A.5 SPa did a notlceable
transformation occur. A :lear to pale
yellow solution finally resulted which,
whan cooled to 190 K produced the spac-
trum In Flg. 3. Very prominent features
are now evident €for N,0 , N,0, N, and
N:;, Wwith no evidence for any remalning
unreactad nltric 2xide, Also present {n
thls spectrum are features due to NOT,
NO , and NO*, although thay are much
weakear than before.

C. Laboratory Scile Studlaes of
Shocked NO: ([nitlally, Tt was thouqght
that a slappar alone would detonata
dolid NO and several attempts wers made
to achleve thls, However, less than 1§
decomposition of tha deposited NO (ca.
140 mg), was observed, and {ndeed, under
the same condltlons the slappar could
not even detonate a § mg nellet of PETN.
wWith the pellet of PETN gqlued dlirectly
to the slapper, however, the PETN dld
detonate and the snlid NO Jdaposited an
the opposite aslde of the £nll that
covarad the PETN Jecnomposed Ilntn a
variety of products. Fiva expariments

have been done In thils configuration.
Molecular nltrogen s the only expected
detonation product commoen to both PETN
and solid NO. However, both the small
amount of N, that results from the PETN
{3.94 mmol) "as well as the fact that
‘5NO was used to label the nitragen
source, allowed unambiguous determina-
tion of the nitrogen yleld from the
nitric oxide.

The productsa collected from the
PETN-driven nltric oxide reaction were
N.,O, N,, NO,, N O N O“ and unreacted
N Presumably ’ny O which i3 formec
due to the NO decomposltt:n, wouli
subseguently react wi=h NO in the qgas
phase to form additional NO.. Thus,
axygen may or may not have formed
originally from the shock-induced
raaction. 1In additlon, the varisis
jas-phase equllibria lnvelving N2 , 13s
well as |ts substantlal loass by
reactivity with CO, metal surfaces,
C-rings, atc,, complicate the
determination of the NO, i1 the original
products, The product yields measured
from flve separate experiments are
prasented in Table 1. In all cases a
substantial portion (29-53%) >f the
nitrlc oxide reacted and, of that
Aamount, mogt ended up as N J, with a
smaller amount ending up a3 N.+NO., The
N, result was corrected tor the N. pra-
duced by PETN, which was detarmined hy
means nf lsotopically labheled %NO.

All the experiments ln Table 1 »2x-
~ept Experiment 3 ware done wilth the
bell jar aevacuated, Experimenr 3} was
done with 1 torr 2f He in the ~hamber ©»
prevent reshock 2f the produsts 1% =h»
wall. Reshock may have causad the oHro-
duct N,0 and NO, to further raaz-x,
thereby producifig N,. The amrunt b N,
produced was lndeed"the smallear »¢ 111
the experiments, suggesting that syme >
the N, observed In the other experlmcw*
wag ptoduced by reshock at the walls »f
thae apparatus.

¢
3

DISC'ISSLIN

Prlor tn our woark oan the chemiatry
9f nltrle Hxlde under statl: "igh pres-
sure conditions, Lt was anspastad =nar

shock-Initlatad detonaclon € N .Y pro-
caeds through a single chemical ‘roy:+iin
to produce N and 0,. We havae Yoy, n
the other hafid, that the reactlon -hea-
‘stry under hoth svatle high prassare
and shock conditinna {9 much more =:yn-

pleax involving, mosr likaly, savari!
4tatlnct mechanlams and chemlcal inter-
med{ates., The static hlqgh presaaurn
3tudles demonstrate that nitric xile
1aacts rapldly under evan modadtr pres .
Jura and cemperature condlitiona *»
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TABLE 1

Products froam Solid NO Shocked with & mg of PETN

—Experiment Number
1 2 3 4 5

MO gas uased,? mmol 3.4 4.4 6.3 19.9 11.2
NO accounted for,® mmol 1.3 3.4 4.2 7.5 8.9
NO unreacted,; mmcl (\h 2.1 (79) 1.6 (47) 3.8 (71) 4.9 (R4) 4.4 (57
N,0 found, mmol ¢ .33 a.43 a.37 9.50 1.17
N, found, mmol =€ 9.13 a.93 .23 .23

.3 NO escapes while farming the solid.
bAsaumlng the overall reaction stoichiometries,

3 NO ---=> N,3 + NO, (1)

4 NO ---=> N + 2 NO, (i

to account for the N,0 and N, observed.
ignored,
<

2

The small amount >f NO tled np as N, 9, is

N, not measursd and not accountad far in collected material.

produce a multitude of molecular and
lonlec speclies. The fact that this
pressure-induced chamlistry is quite
facile and releases significant amounts
of energy strongly suggjests that similar
reactions dominate the chemistry of
shock-initiated detonation of nitrie
oxide.

The chemistry of samples warmed
rapidly to room temperature <an be
axplalined to arise from three possible
dlsproportionation reactions

Z(NJO.) > N:O + N_,OJ (1)
3(N,0,) ——> 2N 0 + N,0, ()]
3(N,0,) > 2N D + No‘NO" (N

While the low-temperature high-pressure
NO 5amples as well as the PETN 4riven NO
decomposition show evidence for yet
another reactlion pathway,

NJO: > Nz - 0: (4)
The presance of N,0, In the reactlon
products could arlise Erom lts direct
productlon via equatlion (1) nr from
reaction of N,0, with excess N, Equa-
tlens (2) and (3) differ only in that
(2) involves a mplecular reaction
mechanism while (3) lnvolveg the direct
production ot lonlc speclies. The lons

NO* and NO3j could result from threlr
direct pr duction via equatisan (3) or
through the autoionlzation »>f N,J, at
high pressures, We have prevliously
shown [10] that molacular N.9_ ines
autoloniza &t elavated pressures.
However, on the hasis of the ubljul:ous
pcasance of lons In all »f zhe 3amplas
reacted under hlgh static prassuras nd
the observation of deep red :=Hl>r
(indizatlve of NO* Iln N_O ) [n =%ka
{nicial reaction, we présdntl; favyr =ha
lanic mechanlsm (eq. 3).

The studles of pressure-inii:ad
chemistry under low temperaturaz :ondi-
tions further complicated the si-uatinn,
Whereaa N or O3, could nevar e la'artad
far aamplis warfed rapidly ta roram %an-
peraturs, the low temperature rea~%i-n
produces significant and equal imnunt;
2f N; and 0;. Despite the rathur weak
relative intensities of the 7  ind N
features in the Raman spectra”(Fl)s. ?
and 3) these species are in sinlfizane
concantration as thelr Raman :ro;:;i se--
tlons are known to be substantii!ly loaya
than that of the othar gpecies prazens,
While it has not bean posalhle . :1wn-
tify the amounts of N, and 0, prylu-~in
relative to the production of !{;prorvrr-
tionatinn products (dominantly Ni1'N
le 1la <lear that N; and 0; are pratied
ln nearly squal concentratlions. ™
PETN-drivan N0 Adecompositan duajjoit :hat




the predominant reaction of shocked NO
is (3) with reaction (4) present as a
minor pathray. This ls certalinly con-
sistent with the results of static hligh-
pressure measurements upon rapid
warming. The implication of the low-
temperature high-pressure work (i.e.,
the Iimportance of reactlion (4)) !s not
yet completely clear, but the
PETN-driven NO reaction does show
evidence for reaction (4) as well,

The overall reactlions depicted abovas
do not necessarlly represent the primary
reactions, and one could imagine many
different possible schemes, One possi-
bllity, which we belleve can be elimi-
nated, 1s that the primary reactioan
involveg diract production of N. and N;.
The ublquitous formatlon of dlspropor-
tionation products (N.O, N,9 ., NO*NO;)
would then result from subsanent
reactions of N., 0, and excess NO. The
formation of V.0, and NO"NO73 is easlly
erplained to arise from

N, #+ N,0, —> N.D_T—* NO ‘IO-. (5)

2 av2 eV mm—

Howaver, the formation of N.D is more
diftlcult to explalin. Whlila jas phase
radical reactiona are knawn t3 regult in
the forma=inn nof N 2, these are unlikely
to occur under low=-temparature high-
jenslty conditions. 1In addi:ion, aever-
al observations mirigata agalns® this
fingle primary reaction mechaniam,
Flrat, the nearly equal concentration of
N, and 0, in the low temparaturs experi-
mént is jitflcult to rationallze because
the facile reaction of O, and excess
N.5, would be sxpected 3 deplaete the 0,
cancentration ko a much jreater extent =
than that »f N,. FPFurthermore, no N. or
7, 2ould be detected in the samplas’
warmed to rnom temperaturae; it ls
extremely unlikely that all 2f the N,
could be converted :to N.O under these
modest hligh density condltlons,

Finally, the observation that the
thermodynamically more atable products,
N /0 are formed under low temperaturae
condftlons and not formed under higher
temperature conditions is counter-
Intuitive, TIf a singls primary reaction
to produce N. and 0. ls nperative, one
should certalnly ob3serve these specles
In cells which were allowed to warm to
room temperature.

At praesant, the ragults presentasd
here are best axplalned (n terms of twn,

and possibly more, primary reaction
mechaniams. In effect, nne mechanianm
leads to the production of N, arnd 0,
while the other proceeds to Form the
disproportinnation products.

y N. + 0.
‘ ' (5)
TS2N 0 + NOTNO;

fInter-
Nzoz > maediate]

The branching betwaen these two primary
reactions ls then Juite sensitive to
temperature and pressure. It |s possi-
ble, foar axample, that the relative
rates of these twy global reactions
divergje slignificantly as temperature i3
changed with disproportionation proceed-
ing more rapidly at elevated tempera-
tures., Addicional work is needed to
fully understand the complax resactin-,
chemistry nf nitric oxide under “ljh
density conditions, and work is underway
to follow the stati:s high prassure
chamiszry by caraful contrsl of boch
temperature and pressure.

Implication Regarding Shock-
InitTated Detonatlon of NLtrl:z Jxlde:

While a detalled chemical mechaniam is
not yet available E>r the pressure-
Induced chemistry of nitri:z >xile,
3everal conclusions can, nonethelasg, be
inferred. Flrst, condensed phase
concerted reactians appear =5 .Jominate
the chemlstry of nitrlc oxide uyndar
statlc and dynamlec aigh Adensity
conditions. By analagy, 7Jas phase
radical type mechanisms known frnom
studies of jaseous NO at law densiny ra
not important In the early chemistry, ~E
shock Ilnitlation of nitriz 2xije,
5ecand, the present resgul®s atroynyly
3uggest rhat 4disprapnrtionatiin =1 S
N:J and NO'NOG dominates the narly
=haml3try under 3hock sandiziys, This
reaztlon would acecount f2r 2% 17 =ha
total =2nthalpy coantent 2f nizri: xile
and the azsompanying enarjy ralrasa
2ould, in turn, drive gsubsegjuen=
raactions to form N, and 9,, Flnaily,
the ubiquitous presence 2f L35 3uth 13
NO* and NO7j at hlgh Adensities poiav; =
the lmportanca nf lons and i»ni: raa:-
tlon mechanisms In shock-lnlzianni
detonatlion. The thermodynamiz 1riving
force for the formation 2f Lons & Wijh
density presumably derlves fram =hn
strong intar-loric Intarazcisn; nl =4
attendant valume reduction ralyn:iin -,
molacular speclea,
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